Abstract: Novel diffractive elements are presented to produce zero-order Bessel beams in the terahertz (THz) band. First, diffractive elements are designed as phase plates to change the direction of the incident Gaussian beam. Then, they are fabricated by the emerging three-dimensional printing technology. Last, zero-order Bessel beams are generated by the diffractive elements at 0.3 THz. To verify the feasibility of this approach, the generated zeroorder Bessel beams are monitored and compared with the ones generated by the axicons. The comparison confirms that the diffractive elements can produce Bessel beam effectively and efficiently. In addition, the diffractive elements are applied to introduce zero-order Bessel beam to a THz reflection imaging system. A resolution test phantom is imaged by the THz reflection imaging system with zero-order Bessel beam and a conventional THz reflection imaging system. The results indicate that the THz reflection imaging system with Bessel beam offers a significantly extended depth of field and high anti-interference capability.
Introduction
Bessel beams have been extensively studied since they were demonstrated by Durnin in 1987 [1] . Strictly speaking, the realization of ideal Bessel beam is impossible in practice because it would extend over the entire space and contain an infinite amount of energy. Alternatively, a quasi zero-order Bessel beam (hereafter referred to as zero-order Bessel beam) can be realized within the experimental system, whose transverse intensity distribution and the size of a central beam spot remains essentially invariant in a finite distance [2] , [3] . Recently, due to their non-diffraction property, zero-order Bessel beams have attracted a great deal of interest in many applications such as biomedical science [4] - [6] , optical manipulation [7] - [9] and laser micro drilling [10] , [11] . Many methods have been reported to generate the zero-order Bessel beam. For example, a narrow circular slit can produce zero-order Bessel beam in the far field [1] , [12] , axicon and plasmonic lens can produce zero-order Bessel beam in the near field [3] , [13] - [15] , holographic optical elements (HOEs) can produce zero-order Bessel beams both in the near and far fields [16] , [17] . Besides, spherically aberrating elements [18] and optical fibers [19] - [21] have been used to generate zeroorder Bessel beams. However, most of the aforementioned papers focused on the optic domain, near-infrared domain and mid-infrared domain, and the literature remains rarely in the Terahertz domain. The primary reason is that the commercial spatial light modulators (SLMs) cannot operate due to the lack of matching materials. Second, the intensity loss is too enormous to neglect. In 1999, Arlt et al. generated a zero-order Bessel beam at 90 GHz by a polyethylene axicon [22] . This element has the advantages of a simple structure, easy manufacture, low cost and high efficiency. Subsequently, other approaches have been reported to produce THz zero-order Bessel beams such as plasmonic waveguide [23] , [24] , metasurface [25] , [26] and metamaterial lens [27] . The plasmonic waveguide, prepared by mechanical milling on an aluminum plate, provide an alternative to implement the THz system integration. However, it only has a coupling efficiency of 3% [20] , [21] . The metasurface is easy to be bent or twisted because of the flexible and ultrathin natures, it is also free from serious impedance mismatch and strong Fabry−Perot resonance [25] , [26] . This metasurface has a conversion efficiency of 58% when the y-polarized normally incident terahertz waves were converted to cross-polarization and refracted in the 26°direction, while the fabrication of this threelayered metasurface is relatively complex. It is also complex to fabricate the metamaterial lens presented in [27] because it consists of multilayer plates with printed rings and air holes. So far, the axicon [28] , as a promising option, is widely used in various THz imaging systems [29] - [32] to obtain high-intensity zero-order Bessel beams because of it has the advantages of simple structure, easy to fabricate and high conversion efficiency [31] , [33] , [34] . However, the thickness of axicon increases with respect to its base angle and diameter, and the conversion efficiency will be low for an axicon with greater base angle or diameter due to the absorption of the axicon accumulated along the propagation direction.
To further improve the conversion efficiency of intensity, we design and fabricate a series of diffractive elements, which are the diffraction analogues of the axicon. Moreover, the zero-order Bessel beams at 0.3 THz are created by the diffractive elements. The produced beams are compared with the ones produced by axicons to verify the effectiveness and efficiency of the diffractive elements. In addition, a resolution test phantom is imaged in the reflection imaging systems with Gaussian beam and zero-order Bessel beam. The images on the same multiple transverse planes obtained by the two imaging systems are compared to demonstrate the accurate extension of the depth of field.
Design and Fabrication of the Diffractive Elements
Various approaches have been developed for producing zero-order Bessel beams in the THz domain. As general optical elements, the axicons are widely utilized to produce zero-order Bessel beams because they have the advantages of simple structure, easy to fabricate and high conversion efficiency [31] , [33] , [34] . In our previous studies, zero-order Bessel beams were generated by the axicons, which are fabricated with additive fabrication using a 3D printer [34] . Apparently, a greater diameter or a larger base angle of axicon yields a bigger thickness. The Beer-Lambert law states that absorbance of a material sample is directly proportional to its thickness (path length), so the axicon with bigger thickness will have a decreased conversion efficiency. To address this issue, we design a new construction of optical elements, i.e., diffractive element.
In this study, the axicons and diffractive elements are designed based on SolidWorks. They are fabricated by an Object30 3D printer and the printing material is Full Cure 835 Vero White. The refractive index n and the absorption coefficient are 1.655 and 1.5 cm −1 , which are characterized by a Zomega-Z3 THz Time-Domain Spectroscopy. The 3D printer has a printing resolution of 600 dpi (42 μm) along the x and y directions and 900 dpi (28 μm) along the z direction, which are far less than the wavelength (1 mm) of the used THz beam. Therefore, the surfaces of the printed elements are smooth enough in our study. As shown in Fig. 1(a) , 3D models of the axicons are designed with bottom radii of 25.4 mm and base angles of 5°, 10°, 15°and 20°, respectively. The maximum thickness of axicon is determined by h max = R tanγ, where R is the radius of the axicon bottom and γ is the base angle. With the aforementioned condition, the maximum thicknesses of the designed axicons are 2.22 mm, 4.48 mm, 6.81 mm and 9.24 mm, respectively. The axicon with a base angle of 5°is added an additional base of 2 mm to ensure it remains the original structure for a long time. To mount the axicons on a metallic frame, the axicon edges are set to be an annular volume with a thickness of 3.5 mm. The inside radius and the outside radius of the annular volume are 23.4 mm and 25.4 mm, respectively. Optical photos of the fabricated axicon are presented in Fig. 1(b) . Fig. 2 illustrates three steps to design the novel diffractive elements which include the original axicon A, two semi-finished elements B and C, and the designed elements D. Assuming the element A is placed in a cylindrical coordinate system, the symmetry axis coincides with the longitudinal axis and the bottom surface is situated in the reference plane. The thickness profile of the axicon is h = (R − ρ) tan γ, where ρ is the distance from the longitudinal axis. It is well known that there is an equivalency between the phase shift and optical path, i.e., when a light propagates through a material with a thickness of h, the phase shift ϕ will change as where n is the material refractive index, and λ is the light wavelength. Because the light phase keeps varying periodically with a cycle of 2π along the propagation direction, the phase shift can be wrapped into 2π. Correspondingly, the thickness profile of Element A can be wrapped into λ / (n − 1), namely, the element B shown is created. The thickness profile of the element B varies as
where rem b (x) represents the remainder after division of x by b, x = (R − ρ) tanγ is the dividend and b = λ / (n−1) is the divisor. Clearly, the produced element B would be divided into small pieces by its zero thicknesses. To avoid the occurrence of the aforementioned, we add a base with a constant thickness of h 0 to the bottom of element B and obtain the element C. As exhibited in Fig. 2 , its thickness varies as
To be better mounted on the metallic frame, the diffractive element (namely element D) is created by setting the edge of the element C to be an annular volume with a thickness of h 1 . The annular volume has an inside radius of r and an outside radius of R.
In this study, the thickness of the diffractive element periodically varies within the range of 1.53 mm with the condition of the light wavelength λ = 1.0 mm for 0.3 THz and the refractive index of the printed material n = 1.655. h 0 , h 1, r and R are designed to be 2.0 mm, 3.5 mm, 23.4 mm and 25.4 mm, respectively. Fig. 3 shows the designed and printed diffractive elements with four base angles of 5°, 10°, 15°and 20°.
Experimental Setup and Results

Characterization of Zero-Order Bessel Beams
To test if the fabricated diffractive elements can work well at the frequency of 0.3 THz, an experimental setup is constructed as in Fig. 4 . The transmitter is a Gunn diode (Spacek Labs Inc., GW-102P) coupled with a frequency tripler (Virginia Diode Inc., WR-3.4) to deliver continuous wave at 0.3 THz, and the output power is 0.3 mW. A diagonal horn antenna (Virginia Diode Inc., WR-3.4CH) is used to focus the emitted THz wave to further increase the gain. A high-density polyethylene (HDPE) lens (the diameter D = 50.8 mm, the focal length f = 50 mm) is used to collimate the THz beam and direct it to the diffractive element. The distance between the lens and the diffractive element is 50 mm. A receiver composed by a Schottky diode (Virginia Diode Inc., WR-3.4ZBD) and another diagonal horn antenna is applied to detect the propagation of the THz beam. The receiver is placed on a three-axes motorized translation stage for faster scanning. A mechanical chopper and a SR830 lock-in amplifier are applied to obtain a larger dynamic range and higher signal-to-noise ratio (SNR). The detection area in the xz-plane (y = 45 mm) is 90 mm × 300 mm and the pixel number is 378 × 301, while the detection area in the xy-plane is 90 mm × 90 mm and the pixel number is 181 × 91.
When the diffractive element in the experimental setup in Fig. 4 is removed, a collimated Gaussian beam will be detected. The longitudinal and the transverse intensity distributions of the collimated Gaussian beam are illustrated in Fig. 5(a) , which are detected in the xz-plane (y = 45 mm) and xy-plane (z = 100 mm), respectively. The beam waist ω 0 , i.e., where the intensity has dropped to 1/e 2 of its on-axis value, is measured to be 12.15 mm. When the diffractive element is replaced by a convergence HDPE lens with a focal length of 50 mm, a focused Gaussian beam will be generated. The longitudinal and the transverse intensity distributions of the focused Gaussian beam are detected in the xz-plane (y = 45 mm) and xy-plane (z = 50 mm), respectively. As shown in the upper subfigure of Fig. 5(b) , the width of the beam noticeably narrows first and then grows. Diffractive elements with base angles of 5°, 10°, 15°and 20°are employed in the experimental setup to generate zero-order Bessel beams with different non-diffraction ranges and widths. The longitudinal and the transverse intensity distributions of the generated zero-order Bessel beams The transverse intensity profiles and the widths of main lobe keep unchanged in the non-diffraction range. The side lobes cannot be seen in Fig. 5(c) . Perhaps, this is because of brighter intensity of the main lobe and the mismatch between the elements in the experimental setup.
To more clearly present the width changes of the Gaussian beam and the zero-order Bessel beams in the propagation, the changes of these beams' full widths at half-maximum (FWHMs) within the range from z = 0 to 100 mm are plotted in Fig. 6 . Obviously, the FWHM of collimated Gaussian beam remains nearly a constant of 10.8 mm and the one of focused Gaussian beam increases sharply after a sharply decrease. The minimum FWHM and waist ω0 of the Gaussian beam are 3.1 mm and 2.9 mm, respectively, which are detected in the transverse plane of z = 33 mm. The distance from this transverse plane to the origin is obviously shorter than the focal length of the used HDPE lens. This is because the origin (z = 0 mm) is approximately 10 mm away from the vertex of the lens. The focused Gaussian beam has a focus depth of 52.8 mm according to the detected beam's waist radius and the formula b = 2πω 2 0 /λ. The FWHM of zeroorder Bessel beam generated by the diffractive element with the base angle of 5°dramatically narrows during the initial propagation. This phenomenon is consistent with the theoretical variation trend of the zero-order Bessel beam generated by the method of illuminating axicon by a Gaussian beam [35] . However, it is almost imperceptible in the initial propagations of other zero-order Bessel beams. The reasons are perhaps as follows: (1) The significantly narrowing range of the beam's FWHM decreases when the base angle of the diffractive element increases. (2) The range from the detection origin to the diffractive element is about 10 mm, which is longer than the rapidly narrowing range of other zero-order Bessel beams. The zero-order Bessel beam generated by the diffractive element with the base angle of 10°almost keeps its FWHM unchanged in the range of 100 mm. The ones generated by the diffractive elements with base angles of 15°and 20°almost keep their FWHMs constant in the non-diffractive ranges of about 50 mm and 40 mm, respectively. Noted that the origin is about 10 mm away from the diffractive element when the propagations of the zero-order Bessel beams are monitored. Hence, the actual non-diffraction ranges are longer than the detected ones.
Combining the preceding conditions, we calculate the theoretical non-diffractive range Z max and FWHM of zero-order Bessel beam with z max = Table 1 . The detected non-diffraction ranges are closely consistent with the theoretical ones, while the experimental FWHMs of the main lobe are slightly wider than the theoretical ones. Perhaps, it is mainly because of the slight extension of the frequency around 0.3 THz. The elements mismatch in the experimental setup may also be part of the reasons.
To investigate if the diffractive elements can improve the conversion efficiency, the normalized axial intensity profiles of zero-order Bessel beams generated by the diffractive elements are compared with the ones generated by the axicons in Fig. 7 . In Fig. 7(a) , two axial intensity profiles almost coincide with each other, while the maximum of the axial intensity corresponding to diffractive element doubles the one corresponding to the axicon in Fig. 7(b) . Moreover, the ratio of maximum intensities exceeds 3 times in Fig. 7(c) and it increases to 8 times in Fig. 7(d) . Obviously, the axial intensity corresponding to diffractive element dramatically increases when the base angle becomes larger. The conversion efficiency is apparently enhanced by the diffractive element when it has a larger base angle.
For verify the reliability of the zero-order Bessel beam generated by diffractive elements, the radial intensity profiles of the zero-order Bessel beams generated by the diffractive elements at y = 45 mm in the xy-planes (z = 50 mm) are plotted with red dotted lines in Fig. 8 . The radial intensity profiles of the zero-order Bessel beams generated by the axicons are detected under the same conditions and are shown with black solid lines in Fig. 8 as a reference. As shown in the figure, all radial intensities are normalized to 1. Clearly, two radial intensity profiles coincide well with each other in Fig. 8(a) and (b) . The side lobes cannot be seen in Fig. 8(a) and (b) because the brighter intensity of the main lobe and the mismatch between the optical elements in the experimental setup. The side lobe of the zero-order Bessel beam generated by axicon is obvious in Fig. 8(c) , while the ones corresponding to the diffractive element is almost imperceptible. However, the intensity profiles are almost consistent. Similarly, two intensity profiles in Fig. 8(d) are almost coincide with each other except the one corresponding to the diffractive element has more noticeable side lobes, whose intensity is close to the intensity of the main lobe. This is because the radial intensity profile is detected in the xy-plane of z = 50 mm, which is out of the non-diffraction range (42 mm). Here, the coherent superposition of the refracted beam in the center field decrease quickly with the refracted beam propagation.
Application in the Terahertz Reflection Imaging
Zero-order Bessel beam is introduced to the THz imaging techniques because it enables extension of the depth of field without loss of lateral resolution [27] . Hereinafter, we investigate a concrete extension of the depth of field by imaging a resolution test phantom in the THz reflection imaging systems with Gaussian beam and zero-order Bessel beam. The THz reflection imaging system with Gaussian beam, i.e., the conventional THz reflection imaging system, is shown in Fig. 9(a) . The transmitter is a Gunn diode coupled with a frequency tripler to deliver continuous wave at 0.3 THz. The emitted THz beam is collimated by the first HDPE plane-convex lens (diameter D = 50.8 mm and focal length f = 50 mm). Then, it is focused by an identical lens and irradiates the resolution test phantom. The reflected beam is collected by the same lens and separated from the incoming beam by a beam splitter, and then it is focused by another identical lens and incident to the receiver. If the lens in the beam paths of both incident on and remitted from the resolution test phantom is replaced by a diffractive element, a THz reflection imaging system with zero-order Bessel beam will be created (see Fig. 9(b) ). In this study, the diffractive element with a base angle of 10°is applied because the generated zero-order Bessel beam has a theoretical FWHM of 3.1 mm, which is equal to the minimum FWHM of the focused Gaussian beam. However, this zero-order Bessel beam has a non-diffraction range of up to 100 mm, which is significantly longer than the focus depth of the Gaussian beam. In the imaging process, the resolution test phantom is placed perpendicularly to the incident beam and is fixed to an automated three-axes scan stage to be obtained its reflection images in different xy-planes. In addition, the detection area in the xy-plane is 90 mm × 90 mm and the pixel number is 378 × 181. The detection range and step in z-axis are 85 mm and 5 mm, respectively.
The resolution test phantom, shown in Fig. 9(c) , is a polychlorinated biphenyl (PCB) plastic board that is plated with 2.0 mm copper wires. There are four parts in the phantom. In the upper left, 14 rays make up 3 angles of 5°and 10 angles of 7.5°. In the upper right, a circle with a radius of 2.0 mm is nested by 5 rings, whose inner and outer diameters are elongated with a step of 1.0 mm. Besides, the middle of the phantom is coated by a circle with a radius of 2.0 mm and 9 rings, whose inner and outer diameters are elongated with a step of 0.5 mm. There are 20 copper wires with a length of 10 mm in the bottom of the phantom, the interval of the copper wire increases progressively with a width of 0.2 mm.
The images of the resolution test phantom detected by the conventional THz reflection imaging system are presented in Fig. 10 where all the intensity values are normalized by the maximum value in every reflection image. In these hot-scale images, white corresponds to the strongest reflected THz intensity value and black corresponds to the weakest reflected THz intensity value. The image marked with z = 0 mm is obtained when the resolution test phantom is placed in the xy-plane of about 10 mm away from the lens. Clearly, the image labeled with z = 40 mm is obtained when the resolution test phantom is placed nearest to the focal plane of the lens. The images in the range from z = 25 mm to 40 mm more accurately reflect the resolution test phantom. All the rays in the upper left part, and all of rings (even the circle) in the upper right part are clear and legible in the images. In the middle part of the image, only the smallest two rings with inner dimeter of 0.5 mm and 1 mm cannot be recognized. In the bottom of image, the identification distance of the copper wires is as short as 1.2 mm. The theoretical depth of focus is 52.8 mm as calculated above. However, the reflection image begins blurring when z > 45 mm or z < 20 mm, and the image blurs more quickly when the resolution test phantom is placed further away from the origin. Perhaps, it is because of the mismatch of the elements and the interference between the beam reflected from the resolution test phantom and the incident beam.
In contrast, images detected by the THz reflection imaging system with zero-order Bessel beam (see Fig. 11 ) can completely mirror the phantom within a range of up to 80 mm and the lateral resolution holds a constant of 1.6 mm. The artifacts occur in the images of z = 0 mm and z = 85 mm perhaps because the reflected THz signal is too weak to be effectively identified from noise. The results demonstrate the reflection imaging system with zero-order Bessel beam has high anti-interference capability and a depth of field up to 80 mm. Fig. 12 demonstrate the maximum THz intensities of every image obtained by THz reflection imaging systems with a Gaussian beam (black dots) and zero-order Bessel beam (red dots). As shown in this figure, the maximum signal of the reflection image obtained by THz reflection imaging system with Gaussian beam varies from 0.001 to 0.0273 as the resolution test phantom moving away from the origin, while the one obtained by THz reflection imaging system with zero-order Bessel beam varies from 2.136 × 10 −4 to 0.0029 under the same conditions. All maximum intensities of the reflection image obtained by THz reflection imaging system with zero-order Bessel beam are lower than the ones obtained by THz reflection imaging system with Gaussian beam except the values obtained in two planes of z = 70 mm and 75 mm, they are equal to the ones obtained by THz reflection imaging system with Gaussian beam. This phenomenon is because the diffraction element material (Full Cure 835 Vero White) has a bigger absorption coefficient compared to the lens material (HDPE) in 0.3 THz. The weak THz signal in the THz reflection imaging system with zero-order Bessel beam still obtains outstanding reflection images, which further confirms the reflection imaging system with zero-order Bessel beam has high anti-interference capability. 
Conclusion
In this work, we design a series of diffractive elements and fabricate them with the 3D printing technology. These diffractive elements are demonstrated to generate the zero-order Bessel beams at 0.3 THz with noticeable enhanced conversion efficiency compared to axicons. Moreover, the diffractive element with a base angle of 10°is applied to the reflection imaging system to investigate the accurate extension of the depth of field. The results confirm the reflection imaging system with zero-order Bessel beam offers extended depth of field and high anti-interference capability compared with the conventional THz reflection imaging system. The high reliability and low cost of these diffractive elements will promote the application of THz Bessel beam. In our future work, we will focus on the influence of the curvature distribution of the slope on the diffractive element for generating zero-order Bessel beams, and we will optimize the diffractive elements to generate the zero-order Bessel beam maintaining a smaller size over a longer non-diffraction range.
